INTRODUCTION {#sec0005}
============

Myofibrillar myopathies (MFM) are genetic muscle disorders characterized by histological abnormalities beginning in the Z-disc and causing progressive disorganization of the intermyofibrillar network, abnormal protein inclusions and vacuole formation within the sarcoplasm. The term MFM was coined in the mid-90 s \[[@ref001]\], and shortly thereafter it came to be associated with a series of genes encoding mainly proteins involved in Z-disc structure or function. The precise placement of MFM in the classification of muscle diseases remains debated: it has been classified as a congenital myopathy, but is more often considered as a dystrophy \[[@ref003]\]. Genes implicated in MFM include *DES* \[[@ref004]\], *CRYAB* \[[@ref005]\], *MYOT* \[[@ref006]\], *ZASP/LDB3* \[[@ref007]\], *FLNC* \[[@ref008]\], *BAG3* \[[@ref009]\], and lately, two other genes *FHL1* \[[@ref010]\] and *DNAJB6*. In this review, we will focus on the first widely accepted six genes implicated in MFM.

MUSCLE HISTOLOGY {#sec0010}
================

MFM lesions can be more or less conspicuous in muscle samples, and depend in many cases on the biopsied muscle. Care should be taken in choosing the biopsy site, with clinical examination, EMG (Electromyogram) and muscle MRI (Magnetic Resonance Imaging) used as supportive tests to choose the most appropriate biopsy location. The main histological abnormalities seen on optical microscopy include:•amorphous granular or hyaline deposits on trichrome-stained sections;•a modification of oxidative enzyme activities leading in some fibers to core-like or rubbed-out patterns;•the presence of rimmed and non-rimmed vacuoles, more frequent in myotilinopathies (pathologies due to *MYOT* mutations) and zaspopathies (pathologies due to *ZASP/LDB3* mutations);•a large variation in fiber size;•an abnormal and ectopic expression of multiple proteins in fibers of normal size (such expression is common in atrophic fibers).

On electron microscopy, myofibrillar disorganization starting from the Z-disc, with streaming and progressive destruction of its structure, are common, and this pattern is associated with focal accumulation of compacted and degraded myofibrillar elements and abnormal repartition of the mitochondria. The predominance of some abnormalities, such as "sandwich" formations in desminopathies (pathologies due to *DES* mutations) and alpha-B crystallinopathies (pathologies due to *CRYAB* mutations) or filamentous "bundles" in zaspopathies may aid in diagnosis \[[@ref011]\], but are not totally specific. Histological features similar to those of MFM have been described in occasional cases of laminopathies \[[@ref012]\] or selenopathies \[[@ref013]\], leading to questions about the boundaries of MFM. However, as these disorders have distinct pathophysiology and presentations, they are generally not included as MFM. In addition, except for myotilin, mutations in the other MFM genes (*DES, FLNC, CRYAB, ZASP, BAG3*) have been reported to be linked to isolated cardiac disorders, i.e. various forms of cardiomyopathy, which show clinical variability and incomplete penetrance for those genes in MFM.

Desminopathy {#sec0015}
------------

First described in 1998, desminopathy cases have since been reported from many countries. Indeed, desminopathy is the most frequent MFM in France, and more than 20 affected families are fully characterized. Desminopathy is caused by mutations in *DES*, the gene encoding desmin \[[@ref004]\]. As in most cases of MFM, except FHL1 (which is X-linked), the transmission is typically autosomal dominant. However, its penetrance seems to be incomplete: relatives of severely affected patients harboring a causal *DES* mutation may present with mild MFM lesions on muscle biopsy, but no clinical disease expression \[[@ref014]\].

Clinically, most patients exhibit cardiac and skeletal muscle involvement. Symptom onset usually occurs before the 5th decade, with a variable initial expression. Some patients develop a distal, or less often proximal, myopathy beginning in the lower limbs, others a cardiac disease that can take the form of a conduction defect, arrhythmia or any type of cardiomyopathy ([Fig. 1](#jnd-4-jnd160203-g001){ref-type="fig"}). This heart involvement is responsible for a high rate of complications, including high-degree conduction blocks, sustained ventricular tachycardia, cardiac insufficiency, cardio-embolic stroke or sudden death, and often leads to treatment with a pacemaker or implantable cardioverter/defibrillator, or even heart transplantation (60% and 10% of cases, respectively, in the French-Swiss experience \[[@ref015]\]). These complications affect disease prognosis, as does the occurrence of respiratory insufficiency, which often leads to supportive ventilation. Patients rapidly develop axial weakness and, as the disease progresses, there is proximo-distal involvement of the four limbs. Dysarthria and swallowing difficulties may affect around one-third of patients \[[@ref016]\]. Achilles and finger contractures are possible. An atypical presentation is the Stark-Kaeser phenotype \[[@ref017]\], characterized by predominant scapulo-peroneal weakness ([Fig. 1](#jnd-4-jnd160203-g001){ref-type="fig"}).

The diagnosis of desminopathy is facilitated by muscle MRI, which shows a rather typical pattern in the thighs, in which a fatty infiltration predominates in the semi-tendinosus, gracilis and sartorius muscles, even at late stages of the disease. In the legs, the pattern is less specific, with an initial involvement of the peroneal and soleus muscles ([Fig. 1](#jnd-4-jnd160203-g001){ref-type="fig"}).

Genetic testing has revealed many mutations (around 70) in *DES* that are disease-causing; most of them are missense, and they affect almost every part of the gene. No clear genotype-phenotype correlation has been defined; however, p.R406W and p.R454W mutations are associated with a particularly severe heart involvement \[[@ref018]\].

Alpha-B crystallinopathy {#sec0020}
------------------------

Mutations in *CRYAB* cause alpha-B crystallinopathy \[[@ref005]\]. Although much less common than desminopathy, this disease shares an overall common clinical presentation of muscle impairment, but with less severe heart involvement and a typically later onset \[[@ref020]\]. A distinctive feature of alpha-B crystallinopathy is early-onset cataract, but it is not present in all families \[[@ref021]\] ([Fig. 1](#jnd-4-jnd160203-g001){ref-type="fig"}). Data on muscle imaging are too sparse to describe an unequivocal pattern, but it seems to differ from that of desminopathy \[[@ref022]\].

Myotilinopathy {#sec0025}
--------------

Myotilinopathy is caused by variations in *MYOT* \[[@ref006]\]. Initially described as a cause of limb-girdle muscular dystrophy (LGMD1A) \[[@ref023]\], myotilinopathy seems to have a more often distal presentation. It is a late-onset myopathy, usually beginning around the fifth decade, with a slow course; many patients consult a neurologist years after the initial symptoms. Axial weakness occurs late, and dysarthric speech has been reported in some patients. Myalgia, muscle hypertrophy and stiffness are common \[[@ref006]\], and a diffuse pseudo-hypertrophy resulting in a herculean phenotype was described in one family \[[@ref025]\]. Cardiac involvement is rare in our \[[@ref026]\] as well as in Spanish cohorts \[[@ref024]\]. Respiratory insufficiency may affect up to 23% of patients \[[@ref027]\].

The MRI pattern of myotilinopathy includes early soleus and medial gastrocnemius involvement in the legs, and a predominant fatty infiltration of the semi-membranosus, hip adductors and biceps femoris in the thigh \[[@ref027]\] ([Fig. 1](#jnd-4-jnd160203-g001){ref-type="fig"}). The most frequent mutations observed in Western Europe are p.S55F and p.S60F, the former being related to a founder effect in Spain \[[@ref024]\].

Zaspopathy {#sec0030}
----------

Caused by *ZASP/LDB3* mutations \[[@ref007]\], zaspopathy shares in many cases the late and distal onset of myotilinopathy, with frequent initial asymmetry of the leg weakness. However, initially proximal or proximo-distal forms have also been described, albeit less frequently. The course of the disease is slow, but at late stages (usually over 70 years of age), patients can be severely disabled. Cardiac involvement is uncommon and usually mild \[[@ref005]\], and respiratory insufficiency seems to be absent in the vast majority of cases.

MRI shows a predominant involvement of soleus and medial gastrocnemius in the legs, and of the biceps femoris and semi-membranosus in the thighs ([Fig. 1](#jnd-4-jnd160203-g001){ref-type="fig"}). Adductor magnus, gracilis and semi-tendinosus seem to be relatively spared \[[@ref024]\]. Several mutations have been described in *LDB3*, p.A165V being the most frequently found in Western Europe.

Filaminopathy {#sec0035}
-------------

*FLNC* mutations are implicated in filaminopathy \[[@ref008]\]. Initially described as a proximal myopathy, filaminopathy also appears to be a cause of distal myopathy. The first description, of German families with a p.W2710X mutation, revealed a late-onset myopathy beginning around 45 years of age, with proximal weakness and wasting of the lower limbs, progressing to the upper limbs \[[@ref008]\]. Scapular winging can be part of the phenotype. Respiratory involvement is common and may be severe. Cardiac involvement affects a little less than 50% of patients in the German families \[[@ref029]\] ([Fig. 1](#jnd-4-jnd160203-g001){ref-type="fig"}). A proximal and predominantly axial phenotype associated with cardiac arrhythmia has also been reported recently in a French family \[[@ref030]\]. In Chinese patients, diarrhea and severe cardiopathy appeared as consequences of a complex p.\[K899_V904del\] + \[5V899_C900ins\] mutation that also caused proximal myopathy \[[@ref031]\]. Distal phenotypes seem to occur earlier and affect both upper and lower limbs, especially wrist flexors and foot extensors ([Fig. 1](#jnd-4-jnd160203-g001){ref-type="fig"}). The disease progresses toward more diffuse weakness, and heart involvement is possible, although rare.

Muscle MRI shows an involvement of the gastrocnemius and soleus muscles in the legs, and a fatty degeneration predominating in the semi-membranosus, biceps femoris, adductor magnus, vastus intermedius and medialis in the thighs ([Fig. 1](#jnd-4-jnd160203-g001){ref-type="fig"}).

Bag3-opathy {#sec0040}
-----------

Finally, though very rare, is a myopathy caused by mutations in BAG3 \[[@ref009]\]. The majority of cases of BAG3-opathies affect young children, who present with severe weakness with a variable proximal, proximo-distal or distal pattern associated with nasal speech and rigid spine \[[@ref009]\] ([Fig. 1](#jnd-4-jnd160203-g001){ref-type="fig"}). Nerve conduction studies are important as they may show polyneuropathy, which is an important clue to the diagnosis. Creatin kinase levels (CKs) are generally higher (3--15 N) than in most MFM. The course of the disease is severe, with respiratory insufficiency or conduction defects leading to premature death in some patients ([Fig. 1](#jnd-4-jnd160203-g001){ref-type="fig"}). Patients generally share a p.P209L mutation. Cases with later onset and milder course are also possible \[unpublished case of Dr. Tanya Stojkovic\].

MFM ANIMAL MODELS {#sec0045}
=================

No treatment is currently available for MFM diseases. To conceptualize therapeutic solutions for MFM, it may be necessary to integrate all the mechanisms that may be involved in their pathology. The pathology can be complex, however; thus, non-mammalian or murine animal models are critical to understanding the molecular mechanisms underlying MFM and to test therapeutic options.

Non-mammalian models {#sec0050}
--------------------

Among the non-mammalian model organisms, zebrafish and *Drosophila* have been used successfully to study the impact of pathological mutations associated with muscular diseases \[[@ref032]\], including MFM pathologies. Indeed, *Drosophila* and zebrafish muscles share many structural, histological and functional similarities with human muscles \[[@ref067]\]. Below we provide some instances of how these model systems were applied to gain insights into the physiopathological role of the six proteins associated with MFM diseases.

To date, not all of the pathological variants involved in MFM pathologies have been recapitulated in non-mammalian model systems. However, these models enable an understanding of the physiological functions of the associated genes. For instance, mutations in the heat shock protein alpha-B crystallin have not yet been studied in *Drosophila* or zebrafish, but the overexpression of the wild-type (WT) gene has been used as potential therapeutic approach in *Drosophila* models of neurodegeneration (such as Huntington alteration) to reduce aggregation of a protein with expanded polyglutamine repeats \[[@ref033]\].

For the other genes associated with MFM, non-mammalian models have provided a better understanding of MFM molecular mechanisms. For example, post-transcriptional silencing of the *Drosophila* ortholog of human *ZASP* recapitulate some of the key aspects typical of human zaspopathies \[[@ref034]\], despite the description of only missense mutations in patients. In particular, the affected flies display locomotor defects associated with alterations of muscle structure and ultrastructure. Recently, transgenic zebrafish have been generated by inserting fluorescent labels (citrine or mCherry) into the zebrafish desmin "a" gene \[[@ref035]\]. The expression of the modified genes leads to desmin aggregation in skeletal and cardiac muscles, 48 h after the beginning of embryonic development. Although these zebrafish lines do not constitute "real" models of MFM mutations, desmin loss-of-function, in addition to desmin aggregation, promote skeletal and cardiac muscle defects. These defects are associated with perturbations of excitation-contraction coupling mechanisms involving calcium, sarcoplasmic reticulum and abnormal distribution of ryanodine receptors. Interestingly, desmin knockdown or pharmacological inhibition of desmin aggregates reverted these phenotypes \[[@ref035]\].

In the same way, a FLNC nonsense mutation called Zacro (Zac), resulting in the truncation at the 15th immunoglobulin-like repeat, was established in the filamin C ortholog of the medaka teleost fish (*Oryzias latipes*), which presents similar advantages to the zebrafish \[[@ref036]\]. Although myogenesis is normal in the mutant during early stages of development, its myofibrils progressively degenerate to become disaggregated at later stages, and ultimately cause myocardial rupture in the ventricle; that phenomenon can be related to MFM alteration during aging in some MFM patients.

Similarly, the invalidation of BAG3 in zebrafish using a specific morpholino is associated with myofiber disorganization, but without aggregate formation. This result is similar to those observed in a *Drosophila* knockout model for starvin (BAG3 ortholog) \[[@ref037]\]. The major drawback in these studies is the loss of function of the MFM-associated genes and not the mutant expression. Indeed, MFM are mainly autosomal-dominant pathologies in which both a WT and a mutant allele are present. Moreover, injection of a mutant form of BAG3 (BAG3-P209L, p.P209L involved in human MFM) restores myofiber function in the knockout context, suggesting that the mutation does not completely abolish myofiber function \[[@ref038]\]. Therefore, overexpression of the BAG3-P209L mutant promotes aggregate formation, leading to a reduced cellular pool of BAG3 \[[@ref038]\].

The facility of using these model systems, when combined with new developments in CRISPR/Cas9 technologies, will enable future studies involving mutant MFM genes and large-scale screens for new potential therapeutic compounds.

Murine models {#sec0055}
-------------

Although knockout models have been instrumental in characterizing functions of the proteins for genes implicated in MFM, such as for desmin, few murine models of MFM have been described. Desminopathy is the most studied, with 6 already published and 2 unpublished different mouse models of desmin variation ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}), compared to the other MFM-linked genes. For desmin and alpha-B crystallin, the majority of the studies have focused on heart phenotypes; the skeletal muscle involvement remains less documented. In contrast, animal models of filamin and myotilin alterations have predominantly assessed the skeletal muscle phenotype. Here, we will summarize common and specific alterations in the murine models of MFM.

### Skeletal muscle weakness {#sec0060}

Protein aggregates and myofibrillar disorganization in muscular tissue, leading to skeletal muscle weakness, are hallmarks of MFM pathology. Several of the skeletal muscle alterations in patients with MFM are found in mouse models. Indeed, AAV-mediated overexpression of desmin mutants (p.R406W) and (p.E413K) in the tibialis anterior of 10-week-old mice causes protein aggregation (as well as p.D399Y mutant shown in [Fig. 2A](#jnd-4-jnd160203-g002){ref-type="fig"}), decreases in contractile function and morphological changes as observed in patients with MFM \[[@ref039]\] ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}). However, some specific differences should be noted; for instance, the p.R406W desmin mutant induces muscle regeneration, in contrast to the p.E413K mutant. Such differences help to explain the heterogeneous phenotype observed in patients. Although the AAV-mediated overexpression affects only one muscle, it does offer the possibility of screening for several mutants in parallel to decipher the potential heterogeneous pathological mechanisms among desmin mutants as well as between MFM types.

A low-level overexpression of the desmin p.L345P mutant (hemagglutinin-tagged) driven by the mouse desmin promoter also induces a specific muscle phenotype in transgenic mice \[[@ref040]\]. In isolated p.L345P soleus muscles, contractile function and recovery from fatigue are impaired, and motor function is reduced. However, this model exhibits no protein aggregates in cardiac or skeletal muscles ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}).

In contrast, a recently described model \[[@ref007]\] bears a desmin p.R349P missense knock-in (KI). This mutation corresponds to the most frequently occurring human desmin missense mutation, p.R350P. Thus, unlike the transgenic model, the knock-in model does not have overexpression of desmin, and therefore more closely resembles the patho-physiological conditions found in patients. The p.R349P-KI mice present skeletal muscle weakness associated with age-dependent desmin aggregation \[[@ref041]\]; we have found similar features in our unpublished p.R405W-KI mice ([Fig. 2B](#jnd-4-jnd160203-g002){ref-type="fig"}). Moreover, a specific modification of p.R349P desmin turnover is associated with its potential post-translational modification. Together, these mouse models of desminopathy suggest that each desmin mutant represents some unique pathology, leading to the heterogeneous phenotypes reported for desminopathy ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}).

The same pattern holds for all of the MFM-associated proteins. Indeed, a recently described filamin-C knock-in mouse model, harbouring the p.W2710X mutation to mimic the human variation, also develops muscle weakness and myofibrillar instability with formation of filamin-C--positive lesions streaming between Z-discs \[[@ref042]\] ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}). For myotilin, transgenic mice expressing mutant p.T57I under the control of the human skeletal muscle actin promoter also develop progressive myofibrillar pathology, including myofibrillar aggregation close to the Z-discs, as well as myofibrillar vacuolization \[[@ref043]\] ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}). However, the effect differs from the muscle phenotype observed in patients. Indeed, whereas the extensor digitorum longus significantly loses maximum specific isometric force, the soleus and diaphragm muscles are not affected. These results indicate an aggregate-dependent contractile dysfunction that does not appear to occur with the desmin R349P mutation, delineating some common and unique molecular mechanisms.

### Alteration of heart functions {#sec0065}

Cardiac function is commonly altered in MFM. Mouse models recapitulate well the range of cardiac phenotypes. Indeed, the first transgenic mouse model, "D7-des", bears a 7--amino acid deletion (p.R173 to E179) in the desmin sequence, placed under the control of the alpha-myosin heavy chain promoter, for heart-specific expression \[[@ref044]\]. The D7-des mouse heart shows aberrant intrasarcoplasmic and electron-dense granular filamentous aggregates that are desmin-positive and characteristic of human desmin-related cardiomyopathy ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}). The desmin filament network is significantly disrupted, and myofibril alignment is compromised. Further, the ability of the heart to respond to *β*-agonist stimulation is significantly blunted.

Desmin p.L345P mice present echocardiographic changes including left ventricular wall hypertrophy and a decreased left ventricular chamber dimension \[[@ref040]\] ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}). Moreover, the missense desmin mutation p.I451M, targeted to the heart in transgenic mice, results in an absence of desmin Z-disc localization (though desmin can associate with the intercalated discs) and characteristics typical of dilated cardiomyopathy \[[@ref045]\] ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}). Finally, the desmin p.R349P-KI mice also exhibit dilated cardiomyopathy, cardiac arrhythmias and conduction defects ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}). Similarly, the well-studied transgenic mice with overexpression of the alpha-B crystallin p.R120G mutant in cardiomyocytes, cardiomyopathy is accompanied by aberrant alpha-B crystallin and desmin aggregation \[[@ref046]\] ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}). In contrast, the overexpression of WT alpha-B crystallin does not induce cardiomyopathy, reinforcing the idea that individual mutants have distinct pathology. In addition, a transgenic model with cardiac-restricted expression of a ZASP p.S196L missense mutation presents with cardiac conduction defects and atrioventricular block at three months old, whereas older mice (10 months) develop hemodynamic dysfunctions consistent with dilated cardiomyopathy \[[@ref047]\] ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}).

### Ca^2 +^ changes and cardiac features {#sec0070}

In addition to histological features of the MFM pathologies, murine models have permitted investigation into the molecular mechanisms involved in MFM. For instance, in the transgenic desmin p.L345P model \[[@ref040]\], the most striking ultrastructural changes are mitochondrial swelling and vacuolization, with calcium levels significantly increased in skeletal and cardiac myocytes during and after contractions ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}). Interestingly, L-type calcium and sodium currents are also altered in isolated p.S196L murine cardiomyocytes, which may explain conduction alterations observed in the transgenic model bearing the ZASP p.S196L missense mutation \[[@ref047]\]. Similar studies on the CRYAB p.R120G transgenic mouse also show endoplasmic reticulum stress and impairment in calcium regulation, leading to cardiac dysfunction, arrhythmias and shortened lifespan \[[@ref048]\] ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}). These results suggest that investigations into calcium and mitochondria should be undertaken for every model to determine the importance of such mechanisms in the pathogenesis of MFM.

### Proteasome dysfunction and autophagy pathway alterations {#sec0075}

The ubiquitin-proteasome system (UPS) has been implicated in MFM pathologies. Indeed, the UPS is impaired in the D7-des transgenic hearts \[[@ref049]\]. Moreover, in the case of proteasomal impairment, BAG3 is involved in the switch toward autophagy after localization of ubiquitinated proteins into cytoplasmic puncta co-labeled with different canonical autophagy markers \[[@ref050]\]. Thus, a mutation in BAG3, as in BAG3opathy, could affect this switch, even in the absence of a BAG3-MFM model. In a CRYAB-p.R120G transgenic model \[[@ref051]\], which exhibits high levels of cytotoxic amyloid oligomers in heart and mitochondrial dysfunction \[[@ref052]\], proteasomal impairment \[[@ref049]\] and an increased autophagic flux are observed, which may correspond to an adaptive response of the protein quality control (PQC) system to destroy and recycle misfolded proteins \[[@ref053]\] ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}).

The accumulation and aggregation of abnormal proteins suggest a common mechanism that may underlie the development of all MFM. These features should be systematically investigated in different models of the disease.

### Other dysfunctions {#sec0080}

The expression of mutant forms of BAG3 (p.R128W and p.L462P) in rat neonatal cardiomyocytes (RNC) induces an increase in sensitivity to apoptosis due to serum depletion \[[@ref054]\] ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}). BAG-3 binds the anti-apoptotic protein BCL2 \[[@ref055]\], enhancing the anti-apoptotic effect of BCL2 in cells of various tumors \[[@ref056]\]. This function has yet to be confirmed *in vivo* because of the lack of a specific animal model of BAG3-related MFM. However, the CRYAB R120G transgenic mice exhibit alterations in apoptosis markers, such as increased cytoplasmic cytochrome c, down-regulated BCL-2, up-regulated BAX and activated caspase-3 in mutant myocytes, all of which indicate an activation of apoptotic cell death \[[@ref052]\] ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}).

In addition, CRYAB p.R120G knock-in mice exhibit cataract features that are age- and mutant gene dosage-dependent \[[@ref059]\]. This recapitulates early-onset cataract as seen in the human alpha-B crystallinopathy ([Table 1](#jnd-4-jnd160203-t001){ref-type="table"}).

THERAPEUTIC APPROACHES {#sec0085}
======================

The production of an abnormal protein can results in loss or gain of functions. For instance, the loss of sarcomeric structure due to a defect in one of the structural proteins (desmin, filamin C, myotilin, ZASP) or a maintenance protein (CRYAB, BAG3) will not only lead to structural defects, but also to altered mitochondrial positioning and function, which may then generate oxidative stress \[[@ref060]\]. Aberrant proteins are detected by the PQC, which mobilizes heat-shock proteins (HSPs), the main chaperone molecules in cells, to refold any misfolded proteins. When correct refolding is not possible, HSPs, with the help of co-chaperones, target abnormal proteins to the UPS and/or autophagy degradative systems \[[@ref062]\]. When these protective systems are overloaded, mutant proteins accumulate; further, they may adopt a beta-amyloid conformation that is toxic for cells, leading to apoptosis or necrosis \[[@ref063]\]. Therapeutic options that have been explored for MFM have targeted these mechanisms: i.e., stimulating the PQC system (through HSPs) or the degradative system, inhibiting aggregate formation particularly to avoid accumulation of beta-amyloid toxic structures, rescuing mitochondria or preventing oxidative stress, or, as a last resort, inhibiting apoptosis (an overview is presented in [Fig. 3](#jnd-4-jnd160203-g003){ref-type="fig"}).

Using HSP as therapeutic compounds {#sec0090}
----------------------------------

In the PQC system, the modulation of HSP expression is an excellent target for some pathologies. Indeed, the induction of the HSP system improves skeletal function in aged mice \[[@ref065]\], but also presents an anti-aggregative effect in neurodegenerative pathologies such as Alzheimer's disease (for review see 23). These findings provide some hope with these regard to MFM pathologies, in which inducing chaperone activity should be explored ([Fig. 3](#jnd-4-jnd160203-g003){ref-type="fig"}). Importantly, alpha-B crystallin is the most abundant HSP in the heart. When CRYAB p.R120G transgenic mice are crossed with D7-des mice with desmin-related cardiomyopathy, double-mutant mice exhibit dramatically more abundant aggregation of desmin than the D7-des line, show a significantly stronger cardiac hypertrophic response, and die from congestive heart failure before 7 weeks \[[@ref067]\]. Thus, normal alpha-B crystalline function is protective against some effects of mutant desmin, a hypothesis that has been confirmed with stably transfected cells, but not yet in animals \[[@ref067]\]. HSP27 (HSPB1), another molecular chaperone, may also provide protection against toxicity mediated by mis-folded proteins \[[@ref068]\]. Directly delivering HSP27 (HSPB1) to muscles using viral vectors may therefore be a promising treatment approach. Finally, a transgenic line with cardiac-specific HSP22 (HSPB8) expression also shows a reduced progression of cardiomyopathy compared with CRYAB p.R120G mice \[[@ref069]\].

Another way to induce HSPs is to administer pharmacological inducers of HSP response. For example, geranylgeranylacetone, an inhibitor of protein binding to HSP90 that induces the HSP response, reduces amyloid oligomer levels in the CRYAB p.R120G transgenic model; this treatment also reduces heart size and fibrosis and improves cardiac function and survival compared to untreated mice \[[@ref069]\]. The chemical chaperone compounds 4-phenyl-butyrate (4-PBA) and trimethylamine N-oxide (TMAO) have been used to treat primary myotubes and mouse models deficient in plectin, which present abnormal aggregation of wild-type desmin. Indeed, 4-PBA, but not TMAO, treatment induces a significant reduction in desmin aggregation \[[@ref070]\]. Moreover, muscular function improves with 4-PBA. These data suggest an interesting potential therapeutic role for chaperone molecules in MFM pathologies. However, we note that care should be taken in the case of alpha-B crystallinopathies, to avoid inducing the endogenous mutated (p.R120G) gene using glucocorticoids, for instance \[[@ref071]\].

Redox and mitochondria {#sec0095}
----------------------

Production of aggregates in muscle fibers may generate indirect consequences such as oxido-reductive stress. This stress is due in part to the accumulation of aggregated proteins with a slow turnover rate, which are more prone to oxidation \[[@ref072]\]. Additionally, oxidative damage may be generated by mitochondria that are damaged through mislocalization in response to defects in Z-line structure, and/or that accumulate because mitophagy is less effective due to the saturation of the autophagic apparatus by aggregated proteins. Therefore, antioxidant treatment appears promising for counterbalancing the effects of accumulated abnormal proteins and damaged mitochondria ([Fig. 3](#jnd-4-jnd160203-g003){ref-type="fig"}). In the CRYAB p.R120G mouse model, re-establishing a redox equilibrium is essential for rescuing mice from cardiomyopathy \[[@ref073]\]. Further, inhibiting xanthine oxidase in this model with oxypurinol for 1 to 3 months restores mitochondrial function \[[@ref075]\]. However, cardiac contractile function and compliance do not improve because of mechanical deficits in passive cytoskeletal stiffness \[[@ref075]\]. Importantly, CRYAB p.R120G mice show an increased activation of apoptotic cell death \[[@ref076]\]. Drugs acting on mitochondrial permeability, such as nicorandil, a mitochondrial ATP-sensitive potassium channel opener, reduce mitochondrial impairment and apoptotic death in CRYAB p.R120G transgenic mice \[[@ref076]\]. Mitochondria are essential in the pathway leading to apoptosis \[[@ref077]\] and thus represent an important therapeutic target. The restoration of mitochondrial function and inhibition of apoptosis was tested a decade ago: mice over-expressing the anti-apoptotic protein BCL-2 were crossed with desmin-null mice \[[@ref078]\], and a mortality significantly declined. A similar outcome occurred when CRYAB p.R120G mice were crossed with a transgenic line specifically over-expressing BCL-2 in the heart \[[@ref079]\].

Proteasome and autophagy {#sec0100}
------------------------

Aberrant protein aggregation with accumulation of ubiquitinated proteins is a common process in many neurodegenerative diseases \[[@ref080]\], as well as in MFM \[[@ref081]\], and leads to proteasomal malfunction. The use of CRYAB p.R120G mice as a model of MFM confirmed that aberrant protein aggregation impairs UPS proteolytic function in the heart \[[@ref082]\]. However, no pharmacological inducer of the UPS is known, which precludes this therapeutic option. In contrast, macroautophagy (here referred to as "autophagy") constitutes a rescue system that is stimulated when UPS function is impaired (reviewed in 83). In CRYAB p.R120G mice, there is more than 2-fold increase in cardiomyocyte autophagic activity \[[@ref084]\]. Increased level of basal autophagy in these mice decreases cardiac hypertrophy and intracellular aggregates and prolongs survival \[[@ref085]\]. In addition, large aggregates called "aggresomes," which are actively transported by the microtubule-dependent retrograde transport to the perinuclear area, are more efficiently degraded by autophagy \[[@ref086]\]. It is possible to further stimulate autophagy with fasting \[[@ref087]\] or with treatment with AMPK \[[@ref089]\], cyclosporine A \[[@ref090]\], or rapamycin \[[@ref091]\], among many compounds described in the literature \[[@ref092]\] ([Fig. 3](#jnd-4-jnd160203-g003){ref-type="fig"}). Although some of these drugs have been successfully tested in animal models of muscular dystrophy \[[@ref089]\], they have not yet been tried in MFM models.

Antiaggregation {#sec0105}
---------------

Inhibiting protein aggregation seems to be a "simple" way of reducing the burden in muscle cells. Doxycycline administered via drinking water to CRYAB p.R120G transgenic mice results in reduced CRYAB aggregates, attenuated cardiac hypertrophy, and delayed premature death \[[@ref093]\]. Another way to reduce pre-amyloid toxic oligomer accumulation is long-term voluntary exercise. CRYAB p.R120G mice housed in cages with running wheels exhibit a significant reduction in beta-amyloid oligomers with a concomitant increase in lifespan \[[@ref094]\]. However, acute exercise induces lesions in soleus and diaphragm muscles in filamin C p.W2710X knock-in mice \[[@ref042]\]. Moreover, two recent cellular studies on myoblasts seem to show that antioxidant or pro-autophagic compounds could reduce aggregation, linking antioxidant activity and/or the PQC system with aggregation modulation \[[@ref095]\]. Such compounds (NAC, trolox, pp242) will be future candidates to test efficacy in existing animal models ([Fig. 3](#jnd-4-jnd160203-g003){ref-type="fig"}).

CONCLUSION {#sec0110}
==========

Interestingly, one of the older animal models, the CRYAB p.R120G mice, has contributed a large amount of data involving protein aggregation, beta-amyloid toxicity, calcium and mitochondrial defects leading to oxido-reduction stress, alteration of the machinery controlling protein turnover and apoptosis. These findings have likely uncovered essential mechanisms forming the basis of generation of MFM diseases ([Fig. 3](#jnd-4-jnd160203-g003){ref-type="fig"}). Thus, laboratories with existing animal models or planning to develop new ones should be encouraged to investigate these mechanisms. Advancing our understanding of MFM will promote new therapeutic solutions for these pathologies.
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![Clinical overview of MFM alterations. Each color represent the features found in one pathology. Legend color is detailed in the box localized in up right corner. The text in italic correspond to specific pattern visualized in MRI studies. Alpha-B-crystallinopathies shares common features with desmin. So only specific pattern of alpha-B-crystallinopathies are indicated.](jnd-4-jnd160203-g001){#jnd-4-jnd160203-g001}

![Altered desmin subcellular distribution in skeletal muscle tissue. A- 11-week-old mice (C57bl6J) were injected in tibialis anterior (TA) with associated-adeno-virus (AAV) encoding Myc-tagged wild-type (WT) or D399Y desmin. One month later, TA were extracted and frozen, and Myc immunostaining on transverse or longitudinal cryosections was performed to detect exogenous desmin. D399Y shows a perinuclear accumulation related to human desmin aggregation observed in patients. Scale bar = 20 μm. B- DesKI-R405W mice (homologous to R406W mutation in human, C57bl6N) were analyzed at 3 months old. Briefly, TA were extracted and frozen and desmin immunostaining was performed on transverse or longitudinal cryosections to detect endogenous desmin in homozygous (Hom), heterozygous (Het) or wild-type (WT) mice. A typical desminopathy staining pattern with predominantly subsarcolemmal and also sarcoplasmic desmin-positive protein aggregates can be observed in homozygous tissue. Moreover, a regular cross-striated desmin pattern is present in WT mice, and mainly preserved in HET mice, whereas Hom mice show an altered striation and fiber shapes. Scale bar = 20 μm.](jnd-4-jnd160203-g002){#jnd-4-jnd160203-g002}

![Scheme of dysregulated functions in myofibrillar myopathies and potential therapeutic treatments.](jnd-4-jnd160203-g003){#jnd-4-jnd160203-g003}

###### 

Mammalian MFM models with skeletal, and cardiac phenotypes

  A/ SKELETAL MUSCLE                 
  -------------------- ------------- -----------------------------
  Models                Pathologies  Modification type
  Mouse                     DES      AAV-injection, p.R406W
                                     AAV-injection, p.E413K
                                     AAV-injection, p.D399Y
                                     p.L345P-HA, promoter desmin
                                     p.R405W-knock-In
                                     p.R349P-knock-In
                           FLNC      W2710X-knock-In
                           MYOT      T57I-transgenic
                           CRYAB     p.R120G-knock-in

  B/ CARDIAC FEATURES                                                                                                                                                                                                                                                                                                 
  --------------------- ------------- ------------------------------- ------------------------ -------------------------------------- ---------------- -------------------- --------- ----------------------------------- ------------------------------------------------- ----------------------------- ----------- ----------------
  Models                Pathologies   Modification type               Expression               Aggregation                            cardiomyopathy   conduction defects   fibrose   left ventricular wall hypertrophy   Mitochondria                                      Calcium levels                ER Stress   Publication
  Mouse                 DES           p.L345P-HA, promoter desmin     all muscle types (low)   --                                     \+               N/D                  \+        \+                                  vacuolization, giant, decreased cristae density   Increased                                 40
                                      p.R405W-knock-In                all muscle types (low)   N/D                                    N/D              N/D                  N/D       N/D                                 N/D                                               N/D                           N/D         unpublished
                                      p.R349P-knock-In                all muscle types (low)   \+ age dependent                       \+               \+                   \+        N/D                                 N/D                                               N/D                           N/D         41
                                      p.I451M-transgenic              Heart (low)              -- but desmin mutant mislocalization   \+               N/D                  few       N/D                                 N/D                                               N/D                           N/D         45
                                      D7-Des, transgenic (alphaMHC)   Heart (high)             \+                                     \+               \+                   none      \+                                  N/D                                               N/D                           N/D         44;67
                        FLNC          W2710X-knock-In                 all muscle types (low)   N/D                                    N/D              N/D                  N/D       N/D                                 N/D                                               N/D                           N/D         42
                        CRYAB         p.R120G-transgenic              Heart (mild)             \+                                     \+               N/D                  N/D       N/D                                 impaired                                          calcium regulation impaired   \+          46; 48; 51; 52
                        CRYAB         p.R120G-knock-in                all muscle types (low)   N/D                                    N/D              N/D                  N/D       N/D                                 N/D                                               N/D                           N/D         60
                        ZASP          p.S196L-transgenic              Heart (high)             N/D                                    \+               \+                   mild      N/D                                 N/D                                               impaired                      N/D         47

  C/ OTHER FUNCTIONS                                                                                                                                                                             
  -------------------- ------- ------------------------------- ------------------------- ---------- ---------------- -------------------------------------------------------------------- ------ ----
  Mouse                DES     D7-Des, transgenic (alphaMHC)   Heart (high)              impaired                                                                                         none   49
                       CRYAB   p.R120G-transgenic              Heart (mild)              impaired   flux increased   up-regulation cyt-C/BAX3 activated caspase3, down-regulation BCL-2   none   52
                       CRYAB   p.R120G-knock-in                all muscle types (low)    N/D        N/D              N/D                                                                  \+     59
  Rat                  BAG3    R128W et L462-overexpression    Neonatal cardiomyocytes   N/D        N/D              increased sensitivity to serum depletion                             none   54

[^1]: These authors contributed equally to this work.
